Cabral PD, Garvin JL. TRPV4 activation mediates flow-induced nitric oxide production in the rat thick ascending limb. Am J Physiol Renal Physiol 307: F666 -F672, 2014. First published June 25, 2014 doi:10.1152/ajprenal.00619.2013 regulates renal function. Luminal flow stimulates NO production in the thick ascending limb (TAL). Transient receptor potential vanilloid 4 (TRPV4) is a mechano-sensitive channel activated by luminal flow in different types of cells. We hypothesized that TRPV4 mediates flow-induced NO production in the rat TAL. We measured NO production in isolated, perfused rat TALs using the fluorescent dye DAF FM. Increasing luminal flow from 0 to 20 nl/min stimulated NO from 8 Ϯ 3 to 45 Ϯ 12 arbitrary units (AU)/min (n ϭ 5; P Ͻ 0.05). The TRPV4 antagonists, ruthenium red (15 mol/l) and RN 1734 (10 mol/l), blocked flow-induced NO production. Also, luminal flow did not increase NO production in the absence of extracellular calcium. We also studied the effect of luminal flow on NO production in TALs transduced with a TRPV4shRNA. In nontransduced TALs luminal flow increased NO production by 47 Ϯ 17 AU/min (P Ͻ 0.05; n ϭ 5). Similar to nontransduced TALs, luminal flow increased NO production by 39 Ϯ 11 AU/min (P Ͻ 0.03; n ϭ 5) in TALs transduced with a control negative sequence-shRNA while in TRPV4shRNA-transduced TALs, luminal flow did not increase NO production (⌬10 Ϯ 15 AU/min; n ϭ 5). We then tested the effect of two different TRPV4 agonists on NO production in the absence of luminal flow. 4␣-Phorbol 12,13-didecanoate (1 mol/l) enhanced NO production by 60 Ϯ 11 AU/min (P Ͻ 0.002; n ϭ 7) and GSK1016790A (10 mol/l) increased NO production by 52 Ϯ 15 AU/min (P Ͻ 0.03; n ϭ 5). GSK1016790A (10 mol/l) did not stimulate NO production in TRPV4shRNA-transduced TALs. We conclude that activation of TRPV4 channels mediates flow-induced NO production in the rat TAL.
NITRIC OXIDE (NO) plays an important role in the regulation of vascular resistance and sodium and water excretion (16, 29, 32, 47, 56) . As a result, it is a key player in the control of blood pressure. Inhibition of renal NO causes salt sensitivity of blood pressure (37, 70) . Reductions in sodium excretion caused by diminishing renal NO can occur in the absence of changes in glomerular filtration rate or renal blood flow (33) .
The medullary thick ascending limb is the nephron segment responsible for reabsorbing approximately one-third of the filtered sodium chloride creating the osmotic gradient necessary for water reabsorption in the collecting duct (7) . Its normal function plays a critical role in extracellular fluid volume and blood pressure regulation. NO produced by NO synthase 3 acts as an autacoid to inhibit sodium chloride reabsorption in the thick ascending limb (45) . We previously demonstrated that luminal flow stimulates NO production in this segment and that shear stress rather than pressure, cellular stretch, or ion delivery mediates flow-induced NO production (11) .
As in other parts of the nephron, urinary flow through the thick ascending limb is a physiological parameter subjected to change (15, 25) . Luminal flow can be acutely increased during volume overload or diuretic use, while chronically it can be increased in hypertension or glomerular hyperfiltration during the early stages of diabetic nephropathy (2, 14, 48) . However, under physiological conditions, luminal flow also displays regular, rapid change mainly due to the tubuloglomerular feedback and peristalsis of the renal pelvis (15, 25) .
The transient receptor potential vanilloid 4 (TRPV4) belongs to the superfamily of transient receptor potential (TRP) channels (46) . This channel has been postulated as a sensor of mechanical stimulation in a variety of cells, including renal epithelial cells (41, 68) . It has recently been shown that TRPV4 activation mediates flow-induced increases in intracellular calcium in the mouse cortical collecting duct (5) . In the rat thick ascending limb, we found that activation of this channel mediates ATP release in response to hypotonicity-induced cellular stretch (54) . TRPV4 also functions as a mechano-sensitive channel in endothelial cells where it mediates shear stress-induced NO production (40) . Therefore, we hypothesized that TRPV4 activation mediates flow-induced NO production in the rat thick ascending limb.
MATERIALS AND METHODS

Animals.
We used male Sprague-Dawley rats weighing 100 to 150 g from Charles River Breeding Laboratories (Wilmington, MA). Rats were fed a diet containing 0.22% sodium and 1.1% potassium (Purina, Richmond, IN) for at least 5 days before the experiments. Protocols involving animals were previously reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Case Western Reserve University following the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Solutions and chemicals. The physiological saline used to perfuse and bathe tubules was (in mmol/l) 130 NaCl, 4 KCl, 2.5 NaH 2PO4, 1.2 MgSO4, 6 L-alanine, 0.1 L-arginine, 1 trisodium citrate, 5.5 glucose, 2 calcium dilactate, and 10 HEPES, pH 7.4 at 37°C. The calcium-free solution was (in mmol/l) 130 NaCl, 4 KCl, 1.2 MgSO 4, 6 L-alanine, 0.1 L-arginine, 5.5 glucose, 0.1 EGTA, and 10 HEPES, pH 7.4 at 37°C. After being made, all solutions were adjusted, if necessary, to 290 Ϯ 3 mosmol/kgH 2O as measured by freezing-point depression.
4-Amino-5-methylamino-2=,7=-difluorofluorescein diacetate (DAF FM-DA) was purchased from Invitrogen (Eugene, OR). Dimethyl sulfoxide from Sigma (St. Louis, MO) was used to prepare stock solutions of 10 mmol/l DAF FM-DA. Ruthenium red, 4␣-phorbol 12,13-didecanoate (4␣PDD), and GSK1016790A were purchased from Sigma. RN1734 was obtained from Tocris Bioscience (Bristol, UK).
Preparation of isolated and perfused medullary thick ascending limbs. Rats were anesthetized with ketamine (100 mg/kg body wt ip) and xylazine (20 mg/kg body wt ip). After anesthesia, the abdominal cavity was opened and the left kidney was bathed with 100 ml of ice-cold 150 mmol/l NaCl solution. Then, it was removed and placed in ice-cold physiological saline. With the use of a stereomicroscope at 4 to 10°C, tubules corresponding to medullary thick ascending limbs ranging from 0.7 to 1.1 mm were dissected free-hand, transferred to a temperature-regulated chamber mounted on an inverted microscope, and perfused using concentric glass pipettes at 37 Ϯ 1°C as previously described (6, 8, 10, 11, 21) . Luminal perfusion rates were 0 or 20 nl/min and basolateral flow rate was set at 0.6 ml/min.
Measurement of intracellular NO production. Isolated medullary thick ascending limbs were bathed with 2-4 mol/l DAF FM-DA in physiological saline for 15 min and then washed in dye-free physiological saline for 20 min. Some protocols were performed in an inverted microscope (TE-2000U; Nikon) where DAF FM was excited using a xenon arc lamp at 488 nm while emitted fluorescence was measured using a 515-nm long-pass dichroic mirror and a 535/50-nm barrier filter. Fluorescence was imaged with a ϫ40 immersion oil objective and a Coolsnap HQ digital camera (Photometrics, Tucson, AZ). Data were collected from regions of interest (ROI) and recorded using Metafluor version 7 imaging software (Universal Imaging, Downington, PA). Other protocols were performed using a different inverted microscope (TE-300; Nikon) where DAF FM was excited using a 491-nm argon laser at 55.6% intensity. Emitted fluorescence was measured using a 488-nm primary dichroic and a 500-nm longpass barrier filter. Data were collected from ROIs and recorded using Voxcell imaging software (Visitech International). ROIs were set larger than the tubule to accommodate changes in shape.
NO production was measured in the absence of luminal flow for 5 min. Then, luminal flow was increased to 20 nl/min in the second period and NO was measured again for 5 min.
To study the effects of TRPV4 agonists, NO production was measured in the absence of luminal flow for 5 min. Then, 4␣-phorbol 12,13-didecanoate or GSK1016790A was added to the basolateral bath in the second period and NO was measured again for 5 min. During this period, thick ascending limbs remained without luminal flow.
To test the contribution of extracellular calcium, a calcium-free solution was added to the luminal and basolateral side after the dye was washed with physiological saline. NO production was measured in the absence of luminal flow for 5 min. Then, luminal flow was increased to 20 nl/min in the second period and NO was measured again for 5 min.
In all protocols, fluorescence was measured at the beginning of each period once every 30 s. The change in emitted fluorescence over time was taken as NO production and expressed as arbitrary units (AU)/min.
In vivo adenoviral transduction of medullary thick ascending limbs. Small hairpin TRPV4-RNA (shRNA) under the control of the H1 mouse RNA polymerase promoter or control negative sequenceshRNA was delivered to medullary thick ascending limbs using an adenovirus delivery system. As we previously described (39, 54) , rats were anesthetized with ketamine (60 mg/kg body wt ip) and xylazine (20 mg/kg body wt ip). After anesthesia, a left-flanked incision was made to expose the left kidney. Then, the renal artery and vein were clamped. Immediately after the renal vessels were clamped, 4 infusions of 20 l of adenovirus at a final concentration of 1.2 ϫ 10 Ϫ12 particles/ml were injected at the kidney cortico-medullary boundary. A 30-gauge needle was used to inject the virus at a flow rate of 20 l/min. To avoid tissue bleeding and leakage of the virus, the needle was removed from the injection site 30 s after each infusion was completed. After a total time of 8 min, the vascular clamp was removed, the left kidney was returned to the abdominal cavity, and the wound was sutured. Animals were kept warm and under direct observation until they appeared alert and fully-recovered from anesthesia. We and others have found no irreversible histo-pathologic changes in the kidney after clamping the renal artery and vein for 8 min. This maneuver has been shown to increase transduction efficiency (12, 13, 28, 44, 61) . Three days after the adenovirus injections, thick ascending limbs were carefully dissected from the vicinity of the injection site. We previously found that all cells around the injection site were effectively transduced (44) .
TRPV4 protein expression measured by Western blotting. Three days after the adenovirus injections were performed medullary thick ascending limb suspensions of the left (TRPV4shRNA-transduced) and the right (nontransduced) kidney from the same rat were obtained by collagenase digestion as we previously described (20, 54, 62) . Suspensions were lysed in a buffer containing 20 mmol/l HEPES (pH 7.4), 2 mmol/l EDTA, 0.3 mmol/l sucrose, 1.0% NP-40, 0.1% sodium dodecyl sulfate, 5 g/ml antipain, 10 g/ml aprotinin, 5 g/ml leupeptin, 4 mmol/l benzamidine, 5 g/ml chymostatin, 5 g/ml pepstatin A, and 0.105 mmol/l pf-block. Two and five g protein were loaded into each lane of a polyacrylamide gel, separated by electrophoresis, and transferred to an Immobilon-P PVDF membrane (Bio Rad). Membranes were incubated in blocking buffer containing TBS-T plus 5% nonfat dried milk for 60 min and then with a primary in blocking buffer for 60 min at room temperature. Membranes were then washed in TBS-T and incubated with a 1:1,000 dilution of a secondary antibody against the appropriate IgG conjugated to horseradish peroxidase (GE Healthcare) in blocking buffer. The reaction was detected with a chemiluminescence kit (Thermo Scientific) and quantified by densitometry. Beta tubulin protein expression was used as a loading control to correct both TRPV4 and NOS 3 protein expression. Expression was calculated as the percentage change from control (nontransduced) thick ascending limbs from the same rat.
Primary antibodies included the following: TRPV4: rabbit polyclonal anti-TRPV4 (Alomone Labs) 1:1,000 dilution; nitric oxide synthase (NOS) type 3: mouse anti-NOS III (BD Transduction Laboratories) 1:1,000 dilution; and beta tubulin: rabbit polyclonal antibeta tubulin (Abcam) 1:5,000 dilution.
Statistical analysis. Data are presented as means Ϯ SE. A paired Student's t-test was used to calculate the difference between no flow and flow conditions or between no flow and no flow Ϯ TRPV4 agonists conditions in each experimental group. A P value of Ͻ0.05 was considered significant.
RESULTS
We started our studies by testing the ability of different TRPV4 blockers to inhibit flow-induced NO production. First, we used the general TRPV antagonist ruthenium red. Increasing luminal flow from 0 to 20 nl/min raised NO production from 8 Ϯ 3 to 45 Ϯ 12 AU/min (n ϭ 5; P Ͻ 0.05; Fig. 1 ). However, in the presence of the TRPV antagonist ruthenium To show that the effect of ruthenium red was due to inhibition of TRPV4 and not some other protein, we used a chemically distinct pharmacological TRPV4 selective agonist RN 1734. When luminal flow was increased in the presence of RN 1734 (10 mol/l), NO levels did not change significantly (11 Ϯ 7 vs. 9 Ϯ 2 AU/min; n ϭ 5; Fig. 3 ).
To specifically target TRPV4 expression, we transduced medullary thick ascending limbs with an adenovirus that expressed TRPV4shRNA. Transducing thick ascending limbs with this virus reduced TRPV4 protein expression by 50.3 Ϯ 6.3% (n ϭ 4; P Ͻ 0.005) in the left kidney (TRPV4shRNA-transduced) compared with the right kidney (nontransduced; Fig. 4B ). However, TRPV4shRNA had no effect on NOS 3 protein expression (change: Ϫ7.5 Ϯ 13%; Fig. 4C) .
In a separate set of experiments we studied the effect of luminal flow on NO production after 3 days of transducing thick ascending limbs with a TRPV4shRNA. In control (nontransduced) thick ascending limbs luminal flow increased NO production by 47 Ϯ 17 AU/min (n ϭ 5; P Ͻ 0.05). However, in TRPV4shRNA-transduced thick ascending limbs luminal flow did not stimulate NO production (⌬10 Ϯ 15 AU/min; n ϭ 5; Fig. 5 ). To show that this phenomenon was not due to any undesired effects of the adenoviral transduction technique, we repeated these experiments in control negative sequenceshRNA-transduced thick ascending limbs. Similar to nontransduced thick ascending limbs, luminal flow increased NO production by 39 Ϯ 11 AU/min (P Ͻ 0.03; n ϭ 5) in thick ascending limbs transduced with a control negative sequenceshRNA. Together, these data show that TRPV4 inhibition blocks flow-induced NO production in the rat medullary thick ascending limb.
Then, we tested whether the activation of TRPV4 was sufficient to augment NO production, mimicking the effect of mechanical stimulation. To study this possibility, we tested the effect of two different TRPV4 agonists on NO production in the absence of mechanical stimulation exerted by luminal flow. In the absence of luminal flow, 4␣PDD (1 mol/l) increased NO production by 60 Ϯ 11 AU/min (n ϭ 7; P Ͻ 0.002) while the selective TRPV4 agoinst GSK1016790A (10 mol/l) stimulated NO production by 52 Ϯ 15 AU/min (n ϭ 5; P Ͻ 0.03). GSK1016790A (10 mol/l) did not increase NO production in TRPV4shRNA-transduced thick ascending limbs (⌬8 Ϯ 4 AU/min; n ϭ 5; Fig. 6 ). These results indicate that the effects generated by luminal flow on NO production in the thick ascending limb can be reproduced by directly activating TRPV4 using exogenous compounds.
Since TRPV4 has been shown to be a calcium-permeable channel, we studied the contribution of extracellular calcium on flow-induced NO production. In the absence of luminal flow, NO production was 10 Ϯ 4 AU/min. Increasing luminal flow in the absence of extracellular calcium did not generate an increase in NO production by thick ascending limbs (14 Ϯ 6 AU/min; n ϭ 5). These data suggest that flow-induced NO production depends on extracellular calcium (Fig. 7) .
DISCUSSION
Similar to our previous reports, we showed that luminal flow stimulates NO production in isolated, perfused thick ascending limbs (10, 11) . Here, we first tested the effects of the general TRP antagonist ruthenium red and found that this compound was able to prevent flow-induced NO production. We also studied the effect of RN 1734, a selective TRPV4 antagonist (63) . Our results show that RN 1734 also prevented flowinduced NO production. However, the expression of different TRP channels in the thick ascending limbs is not known in detail and RN 1734 has not been widely studied. Additionally, as any other pharmacological agent, the two TRPV4 antagonists used might lack specificity. To circumvent this dilemma, we specifically reduced TRPV4 expression by transducing thick ascending limb cells with a TRPV4shRNA. We found that this maneuver also blunted flow-induced NO production. Finally, we found that flow-induced NO production was prevented in the absence of extracellular calcium.
In a previous report, we found that flow-induced NO production was a NOS 3-dependent mechanism (11) . Therefore, we also studied whether transducing thick ascending limbs with a TRPV4shRNA reduced NOS 3 expression. We found that TRPV4shRNA specifically reduced TRPV4 expression by 50% without affecting NOS 3 expression levels. These data necessarily suggest that the ability of a TRPV4shRNA to block flow-induced NO production was mediated by a reduction in TRPV4 expression levels rather than any change in NOS 3 expression.
Although we reduced TRPV4 expression by only 50%, this was sufficient to completely prevent flow-induced NO produc- tion. Why this did not result in only a 50% reduction in flow-induced NO is unclear. Possible explanations include: 1) since GSK1016790A failed to stimulate NO production in TRPV4shRNA-transduced thick ascending limbs, it is possible that the reduction of TRPV4 expression correlates with significant reductions in the membrane-targeted pool of the protein assuming this is the physiologically relevant pool; 2) since thick ascending limbs are isolated from the vicinity of the injection site, it is possible that TRPV4 expression in these tubules was reduced more than 50%, as seen before (44); 3) reductions in TRPV4 expression might alter the cytoskeleton structure and organization, which in turn may affect the capacity of epithelial cells to sense mechanical stimulation as shown before (42); and 4) our NO detection system is not sensitive enough to recognize smaller variations in NO production.
If TRPV4 mediates flow-induced NO production, then activation of the channel in the absence of flow should enhance NO synthesis. To test this, we used two separate activators of TRPV4, 4␣PDD and GSK1016790A (40, 59, 64) . In the absence of luminal flow, both activators stimulated NO production. These data show that activation of TRPV4 is not only necessary to obtain flow-induced NO production, but it is also sufficient.
Although luminal flow has been recognized as a parameter that alters several cellular processes, little is known about the mechanisms that transduce the extracellular mechanical stimuli into intracellular events such as NO production. For kidney epithelial cells, the most likely candidates are two members of the TRP family of cation channels, transient receptor potential polycystin 2 (TRPP2) and TRPV4 (17, 34, 36, 50, 60, 68) . Our present results indicate that preventing TRPV4 activation blocks most of the NO production induced by luminal flow, suggesting that TRPV4 might be the only mechanosensitive channel involved in this effect. Nonetheless, it has been suggested that TRPP2, present in the primary cilia, can form heterodimers with TRPV4 to function as a mechanosensitive channel. In this regard, TRPV4 has been suggested to be an essential component of the TRPP2-TRPV4 heterodimer (31, 69) . In fact, depletion of TRPV4 abolishes the ability of renal epithelial cells to sense luminal flow (31) . Therefore, our results might represent different possibilities: 1) TRPV4 mediates flow-induced NO production by itself; 2) TRPV4-TRPP2 heterodimers mediate flow-induced NO production and TRPV4 blockade prevents the activation of the whole heterodimer as previously suggested; and 3) TRPV4 forms heterodimers with other TRP channels and its inhibition also prevents the activation of these heterodimers.
TRPV4 has been shown to be activated by different mechanical stimuli such as flow-induced shear stress and cellular stretch in several types of cells (54, 58, 68) . In the kidney, this channel is expressed along the distal nephron (60) . We previously showed that TRPV4 activation mediates hypotonicityinduced cellular stretch (54) . In the collecting duct, it mediates flow-induced increases in intracellular calcium as well as flowdependent potassium secretion (5, 58) . Although luminal flow generates different mechanical stimuli such as shear stress, cellular stretch, and/or pressure, we previously demonstrated that shear stress rather than cellular stretch and/or pressure mediates flow-induced NO production in the thick ascending limb (11) . In agreement with our results, TRPV4 activation has been also shown to mediate shear stress-induced NO production in endothelial cells (40) .
NO plays a pivotal role in regulating blood pressure and kidney function (29, 32) . Specifically in the thick ascending limb, NO inhibits sodium chloride reabsorption (43) . In this segment, several other autacoids such as endothelin 1 (24), angiotensin II (22) , and ATP (53) stimulate the production of NO. Here, we present data indicating that pharmacological stimulation of TRPV4 channels induces NO production in the absence of mechanical stimulation exerted by luminal flow. These results suggest that TRPV4 might be another important regulator of NO production in this segment.
Luminal flow is a physiological phenomenon present in tubular structures lined by a single layer of either epithelial or endothelial cells. Particularly in the nephron, the luminal flow of the forming urine is subjected to change under several circumstances. Similar to previous reports, we tested the effects of increasing luminal flow from 0 to 20 nl/min. These flow rates fall within the physiological range. Late proximal urinary flow rate was previously suggested to be between 7 and 27 nl/min. These flow rates can increase to 40 -50 nl/min when animals are subjected to volume expansion treatments, diuretics use, or consumption of a high-salt diet which in turn causes pressure-natriuresis. Additionally, luminal flow might be decreased during dehydration states, ureteral obstruction, and/or during kidney hypoperfusion. Physiologically, urinary flow rate can even be halted or reversed due to peristaltic contractions of the renal pelvis (15, 26, 30, 52) .
Mechanical stimulation induced by luminal flow regulates several physiological processes in the tubules of the nephron. In the proximal tubule, luminal flow increases epithelial sodium transport (65) . In collecting duct cells, luminal flow increases sodium reabsorption by causing ENaC activation (51), stimulates potassium excretion (66, 67) , and induces the release of endothelin 1 (35) and prostaglandin E 2 (18) , which in turn may further affect sodium transport. We previously showed that in addition to NO, luminal flow can affect other cellular mechanisms such as superoxide production (19, 27) and ATP release in the thick ascending limb (10) . All of the molecules regulated by luminal flow participate in other cellular processes such as triggering of intracellular signaling cascades, activation of membrane-targeted receptors, and transport of ions across the epithelium. In this segment, luminal flow stimulates NO production, which in turn inhibits NaCl transport (9, 45) . Additionally, luminal flow leads to increased superoxide generation, which in turn stimulates NaCl absorption (55) . Furthermore, we recently reported that flow-induced NO reduces flow-induced superoxide production (23) . Luminal flow also stimulates ATP release leading to further activation of thick ascending limb purinergic P2Y and P2X receptors (10) . It has recently been shown that P2X activation decreases sodium reabsorption in the thick ascending limb (38) .
Similar to other molecules regulated by luminal flow of the forming urine, NO plays a crucial role in renal physiology. The NO system is implicated in several mechanisms such as epithelial reabsorption of ions (57, 70) , intracellular signaling cascades (3, 24) , and oxygenation (1). This is best evidenced by the fact that defects in the NO system lead to hypertension, renal damage, and inflammation (4, 49) . Therefore, uncovering how mechanical stimulation generated by luminal flow in nephron segments is transduced to an intracellular event such as NO production is crucial to our understanding of 1) pathophysiological states in which luminal flow is altered and 2) conditions that alter NO production.
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